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Abstract 

Background: DNA viruses, such as herpes simplex virus type 1 (HSV-1), Simian virus 40 (SV40), and 
Cytomegaloviruses (CMV), start their replicative processes and transcription at specific nuclear domains known as 
ND10 (nuclear domain 10, also called PML bodies). It has been previously determined that for HSV-1 and SV40, 
a short DNA sequence and its binding protein are required and sufficient for cell localization of viral DNA 
replication and gene transcription. 

Results: Our recent observations provide evidence that a foreign (not endogenous) DNA/protein complex in the 
nucleus recruits ND10 proteins. First, the complexes formed from the bacterial lac operator DNA and its binding 
protein (lac repressor), or from HPV11 (human papillomavirus 11) origin DNA and its binding protein (E2), 
co-localized with different ND10 proteins. Second, the HSV-1 amplicon without inserted lac operator DNA repeats 
distributed in the nucleus randomly, whereas the amplicon with lac operator DNA repeats associated with ND10, 
suggesting that DNA-binding proteins are required to localize at ND10. The cellular intrinsic DNA/protein complex 
(as detected for U2 DNA) showed no association with ND10. Furthermore, our examination of PML-/-, Daxx-/-, 
and Sp100-negative cells led to our discovering that DNA/protein complexes recruit ND10 protein independently. 
Using the GFP-Lacl/Operator system, we were able to direct the transfected DNA to ND10 and found that gene 
expression was significantly repressed when the transfected DNA was directed to ND10. 

Conclusion: Taken together, the results suggest that cells recognize DNA/protein complexes through a mechanism 
that involves interaction with the ND1 0-associated proteins. 

Keywords: Nuclear domain 10 (ND10), Protein-DNA complexes, Amplicon, Lac operator, Lac repressor, PML, Daxx, 
Transcript location, Nuclear bodies 



Introduction domain 10 (ND10, a.k.a. promyelocyte leukemia— PML 

Mammalian cells contain differentially functional com- body) are formed primarily by protein-protein, protein- 
partments called organelles that are separated from cyto- RNA, or protein-DNA interactions [6]. ND10 is a 
plasm by a lipid bilayer membrane. The nucleus is an subnuclear structure that gathers many different SUMO- 
extremely dynamic organelle and highly organized com- ylated nuclear proteins (such as Daxx and SP100). The 
partment with multiple functions [reviewed in [1-3]]. formation of ND10 depends on PML protein. Past 
When analyzed by indirect immunofluorescence micros- observations confirm that PML knockout cells lack 
copy, many nuclear proteins are seen to localize in dis- ND10 and that transfecting exogenous PML into PML 
tinct structures with punctate staining patterns [4,5]. knockout cells results in the restoration of ND10. Most 
Nuclear structures, such as speckles, paraspeckles, DNA viruses replicate DNA and transcribe genes in the 
nucleoli, Cajal bodies, polycomb bodies, and nuclear nucleus after their genomic DNA enters the nucleus by 

facilitated transport through the nuclear pore complex 
[7]. Once inside the nucleus, viral genomes distribute 
randomly, but it appears that only those at ND10 repli- 



* Correspondence: qtang@psm.edu 

Department of Microbiology/RCMI Program, Ponce School of Medicine and 
Health Sciences, Ponce 00716, Puerto Rico cate and transcribe predominantly [8-11], suggesting 



o 



© 2012 Rivera-Molina et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the 
BiolVlGCl C6ntTcll Creative Commons Attribution License (http://creativecommons.0rg/licenses/by/2.O), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 



Rivera-Molina et al. Virology Journal 2012, 9:222 
http://www.virologyj.eom/content/9/1/222 



Page 2 of 14 



specifically that the environment at ND10 is particularly 
advantageous for the virus. However, the ND10 proteins 
(such as PML, SplOO, and Daxx) are interferon- 
upregulated and have repressive effects on viral replica- 
tion [12-23]. Moreover, most DNA viruses encode an 
immediate-early protein that induces the dispersion of 
ND10 [8,24-27], and in the absence of these viral pro- 
teins, replication is severely retarded [11,27,28]. These 
findings have led to the hypothesis that ND10 sites are 
also a part of a nuclear defense mechanism [29]. There- 
fore, the effects of ND10 on viral replication remain to 
be settled. 

What is known definitively is that RNA transcripts dis- 
tribute throughout the nucleus in either a diffuse or 
speckled pattern [10]. As determined for both SV40 and 
HSV-1, the origin DNA was necessary but not sufficient 
for the virus to transcribe RNA and replicate DNA 
at ND10 [10,30]. The origin-binding proteins (large 
T-antigens of SV40 or ICP4 of HSV-1) were also 
required, suggesting that a DNA-protein complex pre- 
cedes virus-NDIO association [10,30]. The Everett group 
has observed that the HSV-1 genome is associated with 
ND10 proteins after infection and demonstrated that 
this association was formed by a new aggregation of 
ND10 components rather than by the migration of pre- 
existing intact ND10 structures [31]. Furthermore, Everett 
and colleagues recently discovered that the SUMO path- 
way is important for the recruitment of NDlO-associated 
proteins to the HSV-1 genome [32]. The studies of both 
SV40 and HSV-1 led to a new concept, that DNA-protein 
complexes might be sensed by ND10 or ND10 proteins. 
In in vivo studies observing chromatin structure, the Bel- 
mont group introduced repetitive lac operator (lacO) 
sequences and a tightly binding lac repressor protein that 
was fused with GFP (GFP-lac repressor) into the nucleus 
and found that the GFP-lac repressor /Operator complexes 
localize at ND10 [33-35]. Later, the Spector group 
observed a dynamic interaction between PML and GFP- 
lac repressor/Operator complexes [36]. Those observa- 
tions led to our conceptual hypothesis that ND10 might 
be a "sensor" for recognizing DNA/protein complexes 
[37]. We wondered whether the GFP-lac repressor/Oper- 
ator system can be used to determine the effects of ND10 
on gene expression. 

In the present study, we first showed that the lac oper- 
ator alone is not associated with ND10, although ND10 
recognizes GFP-lac repressor/Operator complexes at a 
rate of 100%. We next inserted repetitive DNA into 
HSV-1 amplicons to make them visible and useful in the 
analysis of viral DNA sequences that, in the presence of 
DNA binding protein, are deposited at ND10. Our find- 
ings with respect to infectious DNA and transfected 
DNA suggest that instead of having sensors for proteins, 
cells possess mechanisms for recognizing deposits of 



DNA/protein complexes and segregating such com- 
plexes into loci containing several NDlO-associated pro- 
teins. In addition, we found that HPV origin DNA/ 
Origin-binding protein (E2) complexes can also be 
recognized by ND10. However, endogenous DNA/pro- 
tein complexes were not associated with ND10. There- 
fore, our observations suggest that foreign DNA/protein 
complexes might be able to recruit or be recognized by 
ND10 proteins. Most importantly, the gene expression 
at ND10 was detected with less intensity than that was 
not associated with ND10, which demonstrated that 
ND10 is a restrictive site for gene expression for the 
tested DNA/protein complexes. 

Results 

A DNA/protein complex derived from bacteria recruits 
NDlO-associated proteins 

The essential components resulting in viral transcription 
at ND10 have been identified by our previous studies of 
HSV-1 and SV40 (58, 59). The requirements can be gen- 
eralized as a specific viral DNA sequence (the origin), a 
transcription unit, and a viral protein that binds to the 
origin DNA, presumably as a DNA/protein complex. 
Linear integrated arrays of transcription units each 
flanked by the bacterial operator/repressor have been 
found in association with PML (64). We asked ourselves 
whether the requirement for a DNA fragment might be 
reduced to just the protein binding sequence. We con- 
structed plasmids containing bacterial lacO (operator) 
repeats that specifically bind to the lac repressor without 
viral origins and without eukaryotic transcription units 
(see Materials and Methods). Transfected HEp-2 cell 
lines were selected that had various numbers of inte- 
grated lacO repeats resulting in small integration sites 
(HEp-2-Op with 128 repeats cells) or larger sites com- 
parable to the size of an average ND10 (HEp-2-Op with 
256 repeats cells), as determined by in situ hybridization. 
As determined previously by time-lapse analysis with 
GFP-labeled PML, ND10 sites are essentially immobile 
(45), with the exception of occasional, very small PML- 
containing aggregates (42). In situ hybridization of cells 
with the operator sequences showed that most (74%) 
integrated operator repeats did not associate with ND10 
(Figure 1A), as had previously been shown for the 
operator-flanked transcription units (64). However, 
about 26% of all operator sequences were found to be 
adjacent to or to partially overlap ND10 (Table 1). 

To test whether integrated operator repeats without 
the transcription unit would recruit NDlO-associated 
proteins, we supplied HEp-2-Op cells with the GFP-lac 
repressor from cells producing this protein. For that pur- 
pose, we constructed a HEp-2 cell line that produced 
small amounts of the GFP-lac repressor (HEp-2gfplacI), 
which was distributed diffusely. When HEp-2gfplacI 
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Figure 1 Localization of integrated and transfected operator repeats containing no transcription units. Components labeled are 
indicated in the upper corners of the panels with their respective colors. (A) HEp-2-Op (derived from HEp-2 cells integrated with 10 kb = 256 
operator repeats) probed by in situ hybridization for the location of the operator repeat insert; the operator DNA does not colocalize with PML. 
(B) HEp-2-0p (256 repeats) cells fused with HEp-2gfplacl cells. The single integrated operator repeat insert from 3 HEp-2-Op cell nuclei is found 
within PML-stained regions (yellow). The GFP-repressor is diffusely distributed in the three HEp-2gfplacl cell nuclei. (C) HEp-2-Op cells with 128 
operator repeats were transfected with the GFP-repressor. Integrated operator repeats appear green (arrow). Insets show the color-separated 
small operator repeats at higher magnification. (D) HF cells probed by in situ hybridization for the location of the U2 gene locus relative to PML. 
The respective loci do not colocalize. (E) The same as (D), but showing a U2 locus localized adjacent to PML (arrow). (F) HEp-2 cells transfected 
with operator repeats and probed by in situ hybridization for operator location relative to PML. Operator plasmid aggregates do not colocalize 
with PML. (G) HEp-2 cells cotransfected with operator repeats and the GFP-repressor expression vector. The "green" operator/repressor complexes 
in the nucleus colocalize with PML. (H) MEF PML-/- cotransfected with operator repeats and the GFP-lac repressor expression vector and labeled 
for Daxx. Daxx colocalizes with the operator/repressor complex. The inset shows the area framed in blue at a higher magnification and with 
the colors separated. (I) MEF PML-/- cotransfected with operator repeats and the GFP-repressor expression vector and labeled for SUMO, 
which colocalizes with the operator/repressor complex. The inset shows the area framed in blue at a higher magnification and with the 
colors separated. (J) Mouse Daxx-/- cells cotransfected with operator repeats and the GFP-repressor expression vector and labeled for PML, 
which colocalizes with the operator/repressor complex. The inset shows the area framed in blue at a higher magnification and with the colors 
separated. (K) HEp-2 cells transfected with a plasmid-containing cellular heat shock promoter. In situ hybridization shows plasmid aggregates 
not colocalizing with PML. The inset shows the area framed in blue at a higher magnification and with the colors separated. 
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Table 1 Quantitative assessment of the positions of integrated operator sequences and control genomic sites relative 
to PML or SplOO 



DNA locus 


Cell line 


Colocali-zation 


Side by side 

or partial overlap 


No association 


Number of 
nuclei evaluated 


large operator insert w/o repressor 


QT10 HEp-2-Op256 


0% 


26% 


74% 


1000 


large operator insert + GFP-repressor 


QT10 HEp-2-Op256 


100% 


0% 


0% 


1000 


small operator insert w/o repressor 


QT5 HEp-2-Op128 


0% 


12% 


87% 


1000 


small operator insert + GFP-repressor 


QT5 HEp-2-Op128 


72% 


0% 


28% 


1000 


U2 


human fibroblasts 


0% 


17% 


83% 


960 


D1Z2 


human fibroblasts 


0% 


11% 


89% 


1280 


(3-actin 


human fibroblasts 


0% 


22% 


78% 


940 


collagen lal 


human fibroblasts 


0% 


24% 


76% 


1070 



Association of ND10 with integrated repetitive sequences {lac operator, with or without binding GFP-repressor), endogenous repetitive sequences (U2, D1Z2), and 
endogenous non-repetitive genes (p-actin, collagen lal ). DNA loci were visualized either by FISH or via the binding GFP-repressor, and cells were simultaneously 
stained for PML or Sp100 to assess the percentage of loci that associate with these proteins (side-by-side and/or overlapping). Loci were counted as colocalizing if 
the site was totally covered by PML or Sp100, as side-by-side if touching or partially overlapping, and as not associated if a clear space could be discerned between 
the two structures. Genomic sites consisting of repetitive DNA (U2, D1Z2) do not show a higher association rate with ND10 compared to that seen with single 
copy genes (p-actin, collagen lal), and neither one colocalizes with PML or Sp100 (QT10: HEp-2-Op256; QT5: HEp-2-Op128). 



cells were fused with HEp-2-Op (256 repeats) cells, all 
operator integration sites, recognized as a single green 
operator/GFP-lac repressor complex per nucleus, also 
became PML positive (Figure IB). The same results were 
observed when the GFP-lacI was provided by transfec- 
tion of gfp-lacl-expressing plasmid (Figure 1C). Staining 
for the other NDlO-associated proteins tested yielded 
the same results (see Table 2). When the HEp-2-Op cell 
line containing the smaller inserts was fused with HEp- 
2gfplacl cells or transfected with the GFP-lac repressor 
plasmid, not all integrated operator/repressor complexes 
were recognizably positive for PML (Table 1). In HEp- 
2-Op cells, we have never observed the small green 
signal of the operator/repressor complex within a large 
accumulation of PML, suggesting that the DNA/protein 
complex does not nucleate the formation of ND10. To- 
gether, these findings provide clear evidence that the accu- 
mulation of the proteins within the operator- defined 
domain is induced by the binding of the repressor to the 
integrated operator repeats and that no transcription unit 
other than the operator sequence is required. 



Since the integrated operator repeats represent an 
array of the same sequence, we asked ourselves whether 
arrays of cellular DNA sequences associated with cellu- 
lar proteins might also accumulate enough ND10- 
associated proteins and thus generate ND10. Two 
sequences were compared: the transcribed tandem array 
U2 gene cluster [38] and the non-coding mid-satellite 
repetitive sequences D1Z2 [39]. As additional controls, 
two single copy genes, actin and collagen lal, were 
selected because they are located at the surface of chro- 
mosomes that are facing the interchromosomal space 
[39-41] where ND10 sites are located [40]. Staining for 
PML was followed by FISH analysis on exponentially 
growing human fibroblasts, and the location of DNA 
loci relative to ND10 was assessed. Most DNA 
hybridization foci of the 4 genes were not associated 
with ND10 (shown for U2 in Figure ID). However, some 
were found to be overlapping or juxtaposed to ND10 
(Figure IE). As summarized in Table 1, we quantitated 
the association rate of ND10 with protein/DNA com- 
plexes (endogenous or exogenous) by counting around 



Table 2 ND10 proteins found in association with transfected or integrated operator 



Cell type 


Operator/repressor 


PML 


SUMO-1 


Daxx 


SplOO 


NDP55 


HP1 


HEp-2 


cotransfected 


+ 


+ 


+ 


+ 


+ 




HEp-2 


only operator transfected (FISH) 














MEF PML-/- 


cotransfected 


0 


+ 


+ 


+ 


+/- 




MEF Daxx-/- 


cotransfected 


+ 


+ 


0 


+ 


+ 




293 SplOO - 


cotransfected 


+ 


+ 


+ 


0 


+ 




HEp-2-Op256 


operator integrated, repressor transfected 


+ 


+ 


+ 


+ 


+ 





Various cell lines, some missing specific ND10-associated proteins (0), were co-transfected with plasmids carrying either the lac operator repeats or the 
GFP-repressor protein and evaluated by fluorescent microscopy to determine whether specified ND10-associated proteins colocalized with (+) or were present 
apart from the operator GFP-repressor complex (-). For a quantitative assessment of various integrated operator sequences, see also Table 1. Repeats in the 
Presence or Absence of GFP-repressor Protein. 
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one thousand nuclei. Loci consisting of endogenous 
repeat unit DNA (U2, D1Z2) do not show a higher asso- 
ciation rate with ND10 compared to the single-copy 
genes (3-actin and collagen Ial (Table 1); they were in 
fact found beside ND10 at a lower frequency (11% for 
D1Z2 and 17% for U2). Since these genes are located on 
the surfaces of chromosomes [38,41], and ND10 are 
located in the interchromosomal space [40], the exclu- 
sion of ND10 from chromosomes and nucleoli may 
place these genes in the observed frequency of oppos- 
ition, despite random association. More importantly, 
however, the repetitive cellular DNA tested does not 
colocalize with NDlO-associated proteins, as compared 
with the integrated DNA. Integrated DNA alone is not 
related to ND10 (the colocalization rate is 0%); however, 
if the integrated DNA was bound to foreign protein, 
the colocalization with ND10 is obvious (100% for large 
operator insert and 72% for small operator insert). 

ND10 proteins are independently associated with the 
operator/repressor complex 

In light of the apparent similarity between the presence 
of NDlO-associated proteins in operator/repressor 
complexes and in viral DNA/protein complexes, we 
attempted to determine whether the lack of the essential 
NDlO-inducing protein, PML, might affect the recruit- 
ment of other individual NDlO-associated proteins such 
as Daxx and SplOO. We transfected HEp-2 cells with the 
same plasmids used for integration into HEp-2-Op cells. 
In situ hybridization of cells transfected with these plas- 
mids showed them as large aggregates in the nucleus. 
The GFP-lac repressor alone was homogeneously dis- 
persed throughout the nucleus, as was the case in the 
constitutively expressing cells (similar to the distribution 
in Figure IB; lower two nuclei). The operator-containing 
plasmid alone was present as clumps in the space sur- 
rounding the nucleus and in variably sized aggregates 
inside the nucleus but not at ND10 sites (Figure IF). 
After the cotransfection of operator repeats and gfplacl- 
expressing plasmids, a direct visualization of operator/ 
repressor complexes showed that these complexes were 
associated with PML (Figure 1G). The operator/repres- 
sor complexes in the nucleus were not of uniform size 
and appeared to consist of multiple plasmids. Most colo- 
calized with PML, indicating that a foreign DNA/protein 
complex introduced into the nucleus is either deposited 
at ND10 or recruits NDlO-associated proteins. The large 
plasmid aggregates enter the nucleus, so they can move, 
although they might be restricted in their mobility as 
shown for anti-sense RNA aggregates [42]. 

The formation of a complex by operator sequences 
and the GFP-lac repressor by cotransfection provided an 
assay to determine whether the absence of ND10 as a 
structure (as occurs in PML-/- cells) would prevent the 



DNA/protein complex-based recruitment of other 
NDlO-associated proteins and with short tandem trans- 
gene repeats [43] . Cell lines, previously determined to be 
deficient in certain NDlO-associated proteins, were 
cotransfected with the operator repeats and repressor 
plasmids and tested with specific antibodies against 
NDlO-associated proteins in order to determine whether 
they colocalized with the operator/repressor. In HEp-2 
cells, all of the NDlO-associated proteins tested (except 
HP1) were found together with the operator/repressor 
complexes but not with the transfected cellular DNA 
(Table 2). In the absence of the repressor, none of the 
operator repeats were surrounded by any of the NDlO- 
associated proteins (Table 2). Most interesting are the 
results from PML-/- cells, where all other NDlO- 
associated proteins are dispersed and ND10 as such 
do not exist [44]. In MEF PML-/- cells, we found 
Daxx colocalized with the operator/repressor complex 
(Figure 1H), indicating that this protein is recruited to 
the complex directly, and not through recruitment by 
PML. A SUMO signal was detected (by anti-SUMO-1 
antibody) with the operator/repressor complex in the 
PML-/- cells (Figure II). Antibodies to NDP55, an as 
yet uncharacterized NDlO-associated protein, were 
also present, but only in minor accumulations (not 
shown). This set of tests shows that PML, apparently 
essential for ND10 formation, is not essential for re- 
cruitment of other NDlO-associated proteins to a for- 
eign DNA/protein complex. Thus, these proteins 
cannot be considered ND10 or PML bodies. 

Since Daxx reportedly binds directly or indirectly to a 
specific DNA sequence [45], we attempted to determine 
whether Daxx is required for the association of the 
operator-repressor complex with other NDlO-associated 
proteins. We used Daxx knock-out cells derived from 
Daxx knock-out mouse embryos [46]. After cotransfec- 
tion of these cells, sites of operator/repressor complexes 
were found adjacent to various ND10 proteins (Table 2, 
and shown for PML in Figure 1J). The image is inter- 
preted as showing that an operator/protein complex 
derived from transfected DNA was deposited beside 
ND10 and had recruited PML into its domain. Control 
transfections with cellular DNA showed no accumula- 
tion of NDlO-associated proteins with either the U2 
containing plasmid or plasmids containing the Hsp70 
promoter, whether or not heat shock was applied (shown 
for the heat shock factor-containing plasmid in 
Figure IK). 

All tested ND10 proteins were found together with the 
operator/repressor complex in SplOO-negative 293 cells 
except HP- 1 (Table 2). SplOO is therefore also not essen- 
tial for the recruitment of ND10 proteins. Analysis of 
the cell lines missing PML, Daxx, or SplOO showed that 
the structural integrity of ND10 is not necessary for the 
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attraction of various NDIO-associated proteins by oper- 
ator/repressor sequence accumulations. Instead, the pro- 
teins are recruited to the operator/repressor complex 
from the nucleoplasm or ND10, and Daxx, SplOO, and 
PML are all unnecessary for the recruitment of other 
proteins into the domain occupied by the operator/ 
repressor complex. 

Another foreign DNA/protein complex derived from 
HPV11 recruits NDIO-associated proteins 

We and other groups have shown that several viral ori- 
gin/protein complexes (such as HSV-1 and SV40) colo- 
calize with ND10 [10,30]; here, we tested whether the 
HPV origin/origin-binding protein complex could re- 
cruit ND10 proteins. We constructed a plasmid that 
contained 128 copies of the core origin of HPV11 
(pHPVoril28) and transfected it together with a gfpE2- 
expressing plasmid (pgfpE2, containing GFP-fused E2 
origin binding protein) into PML+/+ (Figure 2A-C), 
PML-/- (Figure 2D-F), and Daxx-/- cells (Figure 2G-I). 
Twenty-four hours later, the cells were fixed, permeabi- 
lized, and immunostained so that we could visualize the 
localization of E2 and NDIO-associated proteins. As can 
be seen in Figure 2, after co-transfection of the two plas- 
mids, origin DNA and its binding protein formed com- 
plexes in the nucleus (there are also clumps formed 
outside of the nucleus), and these complexes colocalized 
with the NDIO-associated proteins PML and Daxx. 
Similar to that observed for operator/repressor com- 
plexes shown in Figure 1, the colocalization of DNA/ 
protein complexes with Daxx is independent of PML 
(Figure 2D-F), and colocalization with PML is also inde- 
pendent of Daxx (Figure 2G-I). We quantitated the asso- 
ciation rate by counting one hundred positively 
cotransfected cells, and the colocalization rate was at 
75% for MEF cells, 78% for PML-/- cells, and 80% for 
Daxx-/- cells. That is to say, we have found another for- 
eign DNA/protein complex that recruits NDIO- 
associated proteins. 

ND10 protein in the foreign DNA/protein complex can be 
dispersed by IE1 

One of the properties of ND10 is that it can be dispersed 
by several DNA viral proteins, such as ICPO of HSV-1 
and IE1 of cytomegalovirus [11,25,47,48]. We asked 
whether the ND10 formed with foreign DNA/protein 
complexes possesses this same characteristic. To answer 
this question, we cotransfected the lac repressor and 
pIEl (HCMV IE1 -expressing plasmid) into HEp-2-Op 
cells for 24 hours. After being fixed and permeabilized, 
the cells were immunostained (Figure 3). As can be seen, 
green DNA/protein complexes (one or two dots in each 
cell) were formed in four cells as shown by arrows. 
Among them, three cells (shown by white arrows) 



expressed IE1 (blue) and ND10 were dispersed by IE1. 
In the cell (shown by red arrow in the Figure 3A, B, and 
D) that was positive for GFP-lac repressor and negative 
for IE1, ND10 colocalized with the foreign DNA/protein 
complex. Therefore, ND10 in the foreign DNA/ protein 
complex can also be dispersed by viral proteins. 

The foreign DNA/protein complex guides RNA 
transcription at ND10 

DNA viruses replicate DNA and transcribe RNA, pre- 
dominantly at ND10 [10]. The predominance of RNA 
accumulation at ND10 can be explained by the fact that 
viral DNA docks at ND10 at the time of infection. The 
procedure appears to be dependent on the formation of 
DNA/protein complexes, as was determined for SV40 
and HSV-1 [10,30]. If that is the case, we wonder 
whether we can facilitate gene expression at ND10 by 
guiding transfected or infected DNA to ND10. To con- 
firm our assumption that foreign DNA/protein com- 
plexes can recruit ND10 proteins, we introduced lac 
operator DNA repeats (10 kb = 256 arrays) into an 
HSV-1 amplicon, which resulted in pASK/E-Op 
(Figure 4A). To determine whether ND10 protein could 
be recruited to amplicon DNA or DNA/protein com- 
plexes, we infected the amplicon pASK/E-Op into HEp- 
2 cells that had been transfected with pgfplacl for 6 
hours. Two hours later, the cells were stained for PML; 
as can be seen in Figure 4B, the infected amplicon DNA 
genomes colocalized with or overlapped ND10 (shown 
by PML in red). As a control, we infected the amplicon 
pASK/E-Op alone into HEp-2 cells and performed 
in situ hybridization for DNA using the probe that is 
specific to the amplicon plasmid. As can be seen in 
Figure 4D, the infected amplicon DNA does not asso- 
ciate with ND10, as expected. Therefore, the GFP-lac 
repressor/operator DNA complexes are required for the 
DNA to associate with ND10. 

The only gene carried by the amplicon is p-gal. We 
wondered whether RNA transcription of p-gal is 
retained at ND10 with the amplicon. We infected ampli- 
con ASK/E-Op into HEp-2 cells that had been trans- 
fected with pgfplaci for 6 hours. Then we performed 
in situ hybridization for p-gal RNA (DNA was degraded 
by DNasel before hybridization) in blue. As can be seen 
in Figure 4C, the RNA was side by side with ND10 
(red). In this system, RNA was detected as punctate 
speckles in 100% of the cells that were positively infected 
(we counted 100 cells). Without pgfplacl, the RNA dis- 
tributed diffusely in about 80% of the nuclei (Figure 4E) 
and did so in a punctate manner in 20% of the nuclei 
(100 cells were counted) that were not associated with 
ND10 (Figure 4F). Therefore, the GFP-lac repressor/ 
operator system can be used to facilitate the input DNA 
to ND10, which will render gene transcription at ND10. 
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Figure 2 Localization of HPV origin DNA repeats in the nucleus after cotransfection with GFP-E2-expressing plasmid. Components 
labeled are indicated in the upper corners of the panels with their respective colors. (A)-(C): MEF cells cotransfected with pHPVori128 and pgfpE2; 
the oriDNA-GFPE2 complex is shown in green (B) and PML is shown in red (C); the merged picture is in (A). (D-F): The same as in (A-C), but cells 
are MEF PML-/- cells and show Daxx in red (F). (G-l), the same as in (A-C), but the cells are MEF Daxx-/- cells. 



We wanted to find out whether the |3-gal RNA 
retained at ND10 is associated with splicing compart- 
ments. To that end, we infected amplicon ASK/E into 
HEp-2 together with a helper virus (HSV-1 dllCPO). The 
amplicon DNA and HSV-1 proteins (ICP8, ICP4) can 
form foreign DNA-protein complexes and their tran- 
scription is at ND10 [10]. As we expected, the RNA 
transcription occurred at ND10 (Figure 41), and the 
transcribed lacZ RNA was also retained in splicing com- 
partments (shown by SC35 in blue, Figure 4H). The col- 
ors were merged in Figure 4G to show the relationships 
between ND10, the splicing compartments, and RNA. 

Transfected gene transcription was inhibited at ND10 

As a nuclear structure, NDlOs effects on gene expres- 
sion have not yet been determined. Based on the obser- 
vations from the present studies that foreign DNA and 
its binding protein are essential and sufficient for the 
foreign DNA to colocalize with ND10, we hypothesized 
that NDlOs function can be examined using the lacO/ 



GFP-lac repressor system to facilitate gene transcription 
at ND10 or not at ND10. We cotransfected pASK/E or 
pASK/E3kbOp (carrying 3 kb operator repeats and a lac 
Z gene under the control of a CMV promoter) with pET 
(GFP alone) or pgfplacl (producing GFP-lacI fusion pro- 
tein) into 293-T cells and performed a p-galactose assay. 
Since only the lacO/GFPlacI complex can overlap with 
ND10, the cotransfection of pASK/E3kbOp with pET 
was used as a control for the gene expression outside of 
ND10. As can be seen, no significant differences were 
observed for the gene expression between the cotrans- 
fection of pASK/E with pET and pgfplacl. Comparing 
the cotransfection of pASK/E3kbOp with pgfplacl to the 
cotransfection of pASK/E3kbOp with either control pET 
(compare the blue bars in group 6 to those in group 5) 
or pASK/E3kbOp alone (blue bar of group 4), it is clear 
that the lac repressor reduced (3-gal gene expression. 
To further confirm that the repression of gene expres- 
sion is caused by lacl/operator-formed complexes (via 
recruiting ND10 proteins), we added IPTG into the 
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Figure 3 Localization of integrated operator repeats containing no transcription units after cotransfection with gfplacl- and CMV 
IE1 -expressing plasmids. Components labeled are indicated in the upper corners of the panels with their respective colors. HEp-2-Op cells were 
cotransfected with pgfplacl and plEI for 24 hours, and then the cells were stained blue for IE1 (C) and red for PML (D). The lac Operator/GFP-lac 
repressor complexes are shown in green (B). All colors are merged in (A). 



transfection or cotransfection system (Figure 5, yellow 
bars). IPTG can specifically bind to lad and block the 
binding of lad with the operator. As expected, the re- 
pression of gene expression can be partially but signifi- 
cantly rescued by adding IPTG (compare the yellow bar 
with the blue bar in group 6). This rescuing is a specific 
reaction of IPTG to the lac repressor because IPTG does 
not affect gene expression in other groups (groups 1-5 
of Figure 5). In summary, we utilized the lacO/GFP-lac 
repressor system to detected the effects of ND10 on for- 
eign gene expression and found that ND10 is a nuclear 
structure that represses gene expression. 

Discussion 

The initial finding that DNA viruses from several fam- 
ilies are deposited at specific nuclear domains and start 
their transcription and replication at these nuclear sites 
[49] suggested two contrasting hypotheses to explain 
this deposition. That ND10 might be the viral transcrip- 
tion cellular initiation site is most easily explained by 
assuming that there is some selective advantage for the 
virus that is provided by localizing at sites of high con- 
centrations of potential transcription factors that may be 
recruited to the site in a combinatorial fashion. On the 
other hand, a nuclear defense mechanism might explain 



why viral genomes are deposited at sites of high con- 
centrations of interferon-upregulated transcriptional 
repressors, as ND10 is also known to be a site of repres- 
sion of viral transcription (for review, see references 
[12,22,49,50]. Neither hypothesis can be directly sub- 
stantiated; both are based on the observed increase in 
the local concentration of proteins serving the virus 
for transcription or for repressing such transcription. 
Transcription factors or repressors apparently diffuse 
throughout the nucleus freely, and the advantage of such 
factors being in a bound state is difficult to rationalize. 
Viruses that do not reach ND10 should at least replicate 
moderately, given the availability of diffuse proteins 
recognizably concentrated at ND10. However, replica- 
tion start sites appear to be associated with ND10. 

Since the signal from a single viral genome and the 
associated proteins would be too low for visualization by 
immunofluorescence, we used a method that seemed to 
provide a comprehensive visualization of foreign DNA/ 
protein complexes. The repetitive nature of the lacO 
repeats bound by the GFP-lac repressor enabled facile 
microscopic visualization and consequently the crea- 
tion of an assay for proteins attracted to foreign DNA/ 
protein complexes. The HPV/GFP-fused E2 complex 
recruited NDlO-associated proteins and was found to 
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Figure 4 Gene transcription, ND10, and splicing compartments. (A) The plasmids used for making HSV-1 amplicons. (B) HEp-2 cells were 
transfected with pgfplacl; 6 hours later, the cells were super-infected with the amplicon ASK/E-Op for 2 hours. Then the cells were stained for 
ND10 using PML antibody and Texas Red-conjugated secondary antibody. Pictures were taken to show the relationship of ND10 and input 
amplicon DNA. (C) The same as (B), but the infection with the amplicon was at 12 hours, and the in situ hybridization experiment examined RNA 
(in blue), showing the relationship between lacZ gene transcription and ND10. (D) HEp-2 cells were infected with the amplicon (ASK/E-Op) for 
2 hours; in situ hybridization was performed to show amplicon DNA (green). Immunofluorescence shows ND10 (red). (E) The same as (D), but the 
infection was for 12 hours; in situ hybridization was performed to show diffused (3-gal RNA (DNA was degraded by DNAse treatment). (F) The 
same as (E), but the picture was taken to show the putative RNA. (G) HEp-2 cells were infected with the amplicon (ASK/E) and ICPO-deleted HSV-1 
(as helper virus) for 12 hours; FISH was performed to show the distribution of lacZ RNA (green), ND10 (red), and splicing compartments (blue). 
(H) The same as (G) to show the relationship of RNA and splicing compartments. (I) The same as (G), to show the relationship of ND10 and RNA. 



associate with PML. This association, presented as a 
model for foreign protein expression [37], might demon- 
strate a general concept for recognition of a foreign 
DNA/protein complex since neither the foreign DNA 
nor the foreign protein alone associates with the ND10 
protein. We also found that no transcription units were 
necessary for the recruitment of PML or other ND10 
proteins to the foreign DNA/protein complex whether 
integrated or introduced by transfection, and no cellular 



repeat DNA in its normal genomic position or after 
transfection (presumed to exist as a DNA/protein com- 
plex) recruited NDlO-associated proteins. Thus, the rec- 
ognition of a foreign DNA/protein complex by three 
interferon-upregulatable proteins may represent an in- 
nate defense mechanism. 

Several NDlO-associated proteins are recruited to the 
bacterial and viral DNA/protein complex. An analysis of 
cell lines lacking individual NDlO-associated proteins, 
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Figure 5 Beta-galactosidase assay. Detection of the activity of (3-galactosidase was carried out using the (3-Galactosidase Reporter Gene 
Staining Kit from Sigma-Aldrich, following the manufacturer's protocol. Twenty-four hours after transfection of the plasmids (as indicated in 
Figure 5) in 293-T cells, the cells were washed three times with PBS and lysed with lysis buffer. Mock-infected 293T cells were used as controls. 
The samples were normalized to the sample amount of total protein. The (3-Galactosidase activity in the sample was calculated taking into 
consideration the OD, final reaction volume, the absorbance of ImM for an optical path of 1cm, and the incubation period (t min ). For the assays 
involving isopropyl-thio-b-D-galactopyranoside (IPTG), a final concentration of 0.4mM of IPTG was used. IPTG was added to the supplemented 
medium and left overnight. Each experiment was performed in triplicate and an average value obtained. 



such as PML, Daxx, or SP100, showed that none of these 
proteins was required to recruit the others. Each of these 
proteins is considered a repressor [51-56], suggesting the 
presence of a redundant repressor activity. 

Several lines of evidence suggest that rather than nu- 
cleating new ND10 or moving into ND10 sites, ND10 
proteins are recruited to the site of foreign DNA/protein 
complexes. First, integrated operator sequences neither 
localized at ND10 nor colocalized with ND10 proteins 
(Figure 1). Second, neither ND10 nor genomic loci 
(here the integrated operator repeat) move substantially. 
Third, the operator/repressor complex perfectly coloca- 
lizes with ND10 proteins, even in the absence of ND10 
as a structure, whereas cellular DNA/protein complexes do 
not colocalize (although they may appear localized beside 
ND10). Thus, the recognition and accumulation of ND10- 
associated proteins is specific for the foreign DNA/protein 
complex and has been observed for HSV-1 components 
in a different context before [57,58]. Since recruitment of 
several ND10 proteins can occur in the absence of PML 
(absence of ND10 as a structure), we assume that the pro- 
teins accumulate from the nucleoplasm. 

The ND10 protein-containing "foreign" aggregates 
contain DNA, which is most likely viral since cellular 
DNA has not definitively been found inside ND10 [59]. 
Although we cannot exclude the possibility that ND10 



forms in association with some genomic loci [60], our 
evidence argues against this, at least for repetitive DNA 
or concentrated multiple cellular sequences. These 
sequences should exist as DNA/protein complexes and 
are sufficiently large or repetitive to bind proteins in 
quantities that can be visualized by immunohistochem- 
ical means. No PML, SplOO, or Daxx was found there. 
We prefer not to designate the protein accumulations 
induced by foreign DNA/protein complexes as ND10 
nor as PML nuclear bodies since these aggregates are a 
response to the formation of foreign DNA/protein com- 
plexes and can develop without PML. That the large 
integrated foreign DNA was able to recruit ND10 pro- 
tein to an aggregate size similar to that of ND10 appears 
purely as a function of the space occupied by such DNA. 

If the introduced DNA binds NDlO-associated pro- 
teins such as the interferon-upregulated repressors PML, 
Daxx, and SplOO, the expression of the gene carried by 
the DNA may be suppressed by these proteins. Here, we 
were able to facilitate the transfection of DNA to ND10. 
The (3-gal gene expression assay showed that the input 
gene associated with ND10 has a decreased expression 
(Figure 5). Therefore, the results implied that ND10 is 
a defensive site rather than a site favoring gene expres- 
sion. However, several questions still remain unanswered: 
1) Can the operator/repressor complex system be used 
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to bring a whole infected viral genome to ND10 at the 
time of infection? 2) The lac repressor protein is large 
and contains several domains, but its DNA-binding 
domain is relatively small (from aa 1 to aa 62); then can 
this small DNA-binding domain be used to set up the op- 
erator/repressor system for the visualization of viral repli- 
cation? 3) Obviously, transcripts mostly accumulate at 
ND10 when the gene is targeted to ND10, and transcripts 
mostly diffuse in the nucleus if the gene is not targeted to 
ND10. The latter will have more gene transcription effi- 
ciency, which suggests that ND10 inhibits gene expres- 
sion. How does ND10 detain transcripts and repress gene 
expression? We will further investigate the interaction of 
ND10 and foreign genes to answer all of these questions. 

Materials and methods 

Generation of stably transfected cell lines and tissue culture 

HEp-2 cells were transfected using the DOSPER trans- 
fection reagent (Roche), either with plasmid pcDNA3- 
lacO, which contains 10 kb of repetitive lacO sequences 
(256 repeats) or 5 kb of repetitive lacO sequences (128 
repeats), or with plasmid pcDNA3gfplacI, which 
expresses the GFP-lac repressor (see below). Geneticin 
(400 (ig/ml) was added on the second day after transfec- 
tion. Surviving cell clones were selected and maintained 
in DMEM with 400 (ig/ml Geneticin. Fluorescent in situ 
hybridization (FISH) identified the two clones from the 
cells transfected with the lacO repeats: HEp-2-Op (either 
5 kb = 128 repeats or 10 kb = 256 repeats). HEp-2 cells 
were transfected with the gfplacl-expressing plasmid 
and selected to produce the GFP-lac repressor fusion 
protein, resulting in cell line HEp-2gfplacI. These cells 
were maintained in DMEM supplemented with 10% 
fetal calf serum (FCS), 1% penicillin/streptomycin, and 
400 (ig/ml Geneticin. Transfections and infections were 
performed in Geneticin-free medium. The cell lines 
MEF, PML-/-, and Daxx-/- have been described pre- 
viously (61). SP100-/- 293 cells were selected from 293- 
T cells that do not produce SP100 (60). Vero (ATCC 
CCL-81), human fibroblast (ATCC 55-X), and HEp-2 
cells (ATCC, CCL-23) were maintained in DMEM sup- 
plemented with 10% FCS and 1% penicillin/strepto- 
mycin. For immunohistochemical staining and for in 
situ hybridization, cells were grown on round coverslips 
(Corning Incorporated, Corning, NY) in 24-well plates. 
Cell fusion was induced by incubating mixed cultures of 
HEp-2-Op and HEp-2gfplacI cells, grown to over 80% 
confluency, in 50% PEG- 1000 (Sigma) for 1 min. The 
cells were then washed several times with medium and 
incubated overnight at 37°C before fixation. 

Antibodies 

NDlO-associated proteins were visualized using the fol- 
lowing primary antibodies: rabbit serum R14 produced 



against the N- terminal half of PML protein [11]; mono- 
clonal antibody (mAb) 5.14 against human Daxx [61]; 
rabbit antibodies against murine Daxx (Santa Cruz Bio- 
technology, Inc., Santa Cruz, CA); mAb 1150 against 
human SP100 [62]; rabbit antibody against SUMO 1 
(obtained from R M Tanguay, Quebec, Canada) [63]; 
and mouse antibody against ATRX (sc- 15048, Santa 
Cruz, CA). HP1 was detected with a mAb obtained from 
F Rauscher [64] and mAb 138 labels NDP55 [65]. The 
mAb against IE1/2 (MAB810) was purchased from 
Sigma (Saint Louis, MO). 

HSV-1 amplicons 

Amplicons were generated from plasmids containing 
the HSV-1 origin of replication [66] and packaging 
sequences ("a" sequences) [10,67,68]. To generate an 
HSV-1 amplicon, which contains lacO repeats, pASK/E 
containing HSV-1 ori-S and packaging sequences [10] 
was used to insert 10 kb operator DNA lacO repeats to 
make plasmid pASK/E-Op. pASK/E-Op was later trans- 
fected into Vero cells and superinfected with HSV-1 to 
make the amplicons [68]. Amplicon purification was 
performed according to the protocol that has been 
described previously [10]. 

Plasmids and molecular cloning 

placO, containing 256 or 128 lacO repeats, was derived 
from pSV2-dhfr8.32 (kindly provided by A Belmont) 
[33] by digestion with PvuII/BamHI and re-ligation, thus 
removing the SV40 origin and the dhfr sequence. 
pcDNA3gfplacI was generated by inserting the gfplacl 
sequence into pcDNA3 and was used to generate cell 
line HEp-2gfplacI. The gfplacl gene was obtained 
by PCR using p3ssdimer-gfplacl (provided by A Bel- 
mont) [33] as the template and using the primers 
S'CGAAAGCTTCGATGGTGAGCAAGGGCGAGG-S' 
and 5'-TCAAACCTTCCTCTT CTTCTTAGG-3'. Plas- 
mid pcDNA3lacO, containing 10 kb (or 5 kb) of repeti- 
tive lacO sequences (256 or 128 repeats), was used 
for transfection in order to generate the HEp-2-Op 
cell lines. 

Plasmid pgfpE2, expressing HPV11 origin-binding 
protein fused with GFP (gfpE2), was provided by Dr. LT 
Chow [69]. A plasmid containing 128 repeats of HPV11 
origin, pHPVoril28, was cloned according to the 
method described above (used for making lacO repeats). 

Plasmid pTP18 [70], which contains a complete U2 
snRNA repeat cloned into pUC18, was used both as a 
probe to detect endogenous U2 genes and for transfect- 
ing U2 genes [38,71]. Plasmid HSE-LUC containing the 
promoter for heat shock protein 70 was obtained from 
Dr. R Voellmy (Miami, FL) [72] and transfected to test 
for additional cellular DNA, where binding to cellular 
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proteins (heat shock factor) can be induced by 1 h 
exposure to 42°C, 16 h post-transfection. 

Immunocytochemistry and fluorescent in situ 
hybridization 

Immunostaining was performed on cells grown on cov- 
er slips after fixation with 1% paraformaldehyde (10 min, 
room temperature) and permeabilization in 0.2% Triton 
(20 min on ice) by sequential incubation with primary 
and Texas Red- or FITC-labeled secondary antibodies 
(Vector Laboratories, Burlingame, CA) for 30 min each 
(all solutions in PBS). For simultaneous detection of 
ND10 and specific DNA or RNA sequences, cells were 
first immunostained for ND10 proteins. Cells were 
then treated for 1 h at 37°C with RNase-free DNase I 
(Boehringer; 200 U/ml in PBS containing 25 mM 
MgCl2) for the detection of RNA or with RNase 
(Boehringer, 100 ug/ml in PBS) for the detection of 
DNA. After refixation in 4% paraformaldehyde (10 min 
at room temperature), samples were equilibrated in 2X 
SSC, dehydrated in ethanol (70%, 80%, and 100% etha- 
nol for 3 min each at -20°C), air-dried, and incubated 
overnight at 37°C with the hybridization solution. For 
DNA detection, the probe and the cells were simultan- 
eously heated at 94°C for 4 min to denature DNA. To 
detect RNA, only the probe DNA was denatured (at 
94°C for 5 min). After hybridization, samples were 
washed at 37°C with 55% formamide in 2X SSC (twice 
for 15 min each), 2X SSC (10 min), and 0.25X SSC (2X 
5 min). Hybridized probes were labeled with FITC-avidin 
(Vector Laboratories; 1:500 in 4X SSC plus 0.5% BSA) and 
signals were amplified using biotinylated anti-avidin (Vec- 
tor Laboratories, 1:250), followed by another round of 
FITC-avidin staining. Finally, cells were equilibrated in 
PBS, stained for DNA with Hoechst 33258 (0.5 ng/ml), 
and mounted in Fluoromount-G slide mounting medium 
(Fisher Scientific). 

Probe preparation 

The following plasmids labeled with biotin-ll-dUTP by 
nick-translation were used as probes: pRSVZ to detect 
lacZ RNA [30]; placO to detect lac operator repeats; and 
pHPVoril28 to examine HPV origin DNA. The plasmid 
pTP18 served as a probe to visualize cellular U2 snRNA 
genes. In contrast, to detect transfected U2 genes (by 
transfection with pTP18) without labeling endogenous 
genes, only the vector sequences of pTP18 were hybri- 
dized, using pUC18 as probe. Collagen Ial and p-actin 
genes [41] and the non-coding mid-satellite sequence 
D1Z2 [39] were detected as described. The DNase con- 
centration for nick-translation was adjusted to yield 
probe DNA 200 - 500 bp in length. Probe DNA was 
dissolved at 10 ng/ul in Hybrisol VII (Oncor, Inc., 
Gaithersburg, MD) containing 100 ng/ul salmon sperm 



DNA (Gibco BRL), 1 ug/ul yeast tRNA (Sigma), and 0.5 
ug/ul cotl DNA (Gibco BRL). 

Beta-galactosidase assay 

Detection of the activity of p-galactosidase was carried 
out using GAL-1KT (|3 -Galactosidase Reporter Gene 
Activity Assay; Sigma- Aldrich), following the manufac- 
turers protocol. Twenty-four hours after transfection of 
the plasmids (as indicated in Figure 5), the cells were 
washed three times with PBS and treated with lysis buf- 
fer (provided with the kit). Lysates of cells was collected 
in microcentrifuge tubes, and cell debris was removed 
by centrifugation. A sample with only lysis buffer was 
used to adjust the background for the optical density 
(OD) reader. Assay buffer was added to each sample and 
mixed by pipetting. The samples were then incubated 
for 30 minutes at 37°C. The reaction was terminated by 
a stop solution in order to proceed to the OD reading 
(420 nm in a multi-mode microplate reader; Synergy 
HT, BioTek). For the assays involving isopropyl-thio-b- 
D-galactopyranoside (IPTG), a final concentration of 
0.4 mM was used. IPTG was added to the supplemen- 
ted medium and left overnight. Each experiment was 
performed in triplicate, from which the average value 
was obtained. 

Confocal microscopy 

Cells were examined at lOOx magnification with a Leica 
TCS SPII confocal laser scanning system equipped with 
a water-cooled argon-krypton laser. Two channels (495 
and 590 nm) were recorded either simultaneously or se- 
quentially. Prior to data acquisition, power and integra- 
tion were adjusted to minimize bleed- through between 
the green and far-red channels. Digital images obtained 
were cropped and adjusted for contrast with Photo- 
shop. To balance the signal strength, we used Leicas 
image-enhancement software to scan the image and sep- 
arate the signal from its background. Because of the 
variability of cells in any culture in terms of size 
and shape, we selected the most typical cells that had 
been photographed, and they are presented here at 
high magnification. 

Competing interest 

The authors declare that they have no competing interests. 
Authors' contributions 

YLM performed constructions of plasmids, immunofluorescent assays, beta- 
Galactosidase Assay and organized the data and participated in preparation 
of the manuscript. BBR performed cell culture and construction of several 
cell lines (HEp-2-op and HEp-2gfplacl) used in this paper. QT performed 
microscopy, analyzed the data and prepared the manuscript. All authors read 
and approved the final manuscript. 

Acknowledgements 

We thank F. Rauscher for the HP1 antibodies, A. Belmont for the operator 
repeat and the GFP-repressor plasmids, and P. Pandolfi for the PML-/- cells. 
This study was supported by a pilot grant from the National Center for 



Rivera-Molina et al. Virology Journal 2012, 9:222 
http://www.virologyj.eom/content/9/1/222 



Page 13 of 14 



Research Resources (G12 RR003050) and the National Institute on Minority 
Health and Health Disparities (8G12MD007579-27) from the National 
Institutes of Health (Q.T.), an American Cancer Society grant (1 1 7448-RSG-09- 
289-01 -MPC) (Q.T), NIH/NCRR U54RR022762 (Q.T.), and NIH-NIGMS (NIH-RISE) 
#GM082406 (Y.R.M). We acknowledge the PSM Molecular Biology Core 
Laboratory for instrument support. We acknowledge Bob Ritchie of the 
Ponce School of Medicine and Health Sciences/RCMI Publications Office 
(G12 RR003050/8G12MD007579-27) for his help with manuscript preparation. 

Received: 10 July 2012 Accepted: 27 September 2012 
Published: 28 September 2012 

References 

1. Misteli T: Where the nucleus comes from. Trends Cell Biol 2001, 1 1:149. 

2. Dundr M, Misteli T: Biogenesis of nuclear bodies. Cold Spring Harb Perspect 
Biol 2010, 2:a000711. 

3. Zhao R, Bodnar MS, Spector DL: Nuclear neighborhoods and gene 
expression. Curr Opin Genet Dev 2009, 19:1 72-1 79. 

4. Lamond Al, Earnshaw WC: Structure and function in the nucleus. Science 
1998, 280:547-553. 

5. Spector DL: Snapshot: cellular bodies. Cell 2006, 127:1071. 

6. Dundr M, Misteli T: Functional architecture in the cell nucleus. Biochem J 
2001,356:297-310. 

7. Trotman LC, Mosberger N, Fornerod M, Stidwill RP, Greber UF: Import of 
adenovirus DNA involves the nuclear pore complex receptor CAN/ 
Nup214 and histone H1. Nat Cell Biol 2001, 3:1092-1 100. 

8. Ishov AM, Maul GG: The periphery of nuclear domain 10 (ND10) as site of 
DNA virus deposition. J Cell Biol 1996, 134:815-826. 

9. Maul GG, Ishov AM, Everett RD: Nuclear domain 10 as preexisting 
potential replication start sites of herpes simplex virus type-1. Virology 
1996,217:67-75. 

10. Tang Q, Li L, Ishov AM, Revol V, Epstein AL, Maul GG: Determination of 
minimum herpes simplex virus type 1 components necessary to localize 
transcriptionally active DNA to ND10. J Virol 2003, 77:5821-5828. 

11. Tang Q, Maul GG: Mouse cytomegalovirus immediate-early protein 1 
binds with host cell repressors to relieve suppressive effects on viral 
transcription and replication during lytic infection. J Virol 2003, 
77:1357-1367. 

1 2. Tavalai N, Stamminger T: New insights into the role of the subnuclear 
structure ND10 for viral infection. Biochim Biophys Acta 2008, 

1783:2207-2221. 

13. Tavalai N, Papior P, Rechter S, Leis M, Stamminger T: Evidence for a role of 
the cellular ND10 protein PML in mediating intrinsic immunity against 
human cytomegalovirus infections. J Virol 2006, 80:8006-8018. 

14. Roberts S, Hillman ML, Knight GL, Gallimore PH: The ND10 component 
promyelocytic leukemia protein relocates to human papillomavirus type 
1 E4 intranuclear inclusion bodies in cultured keratinocytes and in warts. 
J Virol 2003, 77:673-684. 

15. Negorev DG, Vladimirova OV, Maul GG: Differential functions of 
interferon-upregulated Sp100 isoforms: herpes simplex virus type 1 
promoter-based immediate-early gene suppression and PML protection 
from ICPO-mediated degradation. J Virol 2009, 83:5168-5180. 

16. Ling PD, Peng RS, Nakajima A, Yu JH, Tan J, Moses SM, Yang WH, Zhao B, 
Kieff E, Bloch KD, Bloch DB: Mediation of Epstein-Barr virus EBNA-LP 
transcriptional coactivation by Sp100. EMBO J 2005, 24:3565-3575. 

17. Gu H, Roizman B: The degradation of promyelocytic leukemia and 
Sp100 proteins by herpes simplex virus 1 is mediated by the 
ubiquitin-conjugating enzyme UbcH5a. Proc Natl Acad Sci USA 2003, 
100:8963-8968. 

18. Puvion-Dutilleul F, Venturini L, Guillemin MC, de The H, Puvion E: 
Sequestration of PML and Sp100 proteins in an intranuclear viral 
structure during herpes simplex virus type 1 infection. Exp Cell Res 1995, 
221:448-461. 

19. Chelbi-Alix MK, de The H: Herpes virus induced proteasome-dependent 
degradation of the nuclear bodies-associated PML and Sp100 proteins. 
Oncogene 1999, 18:935-941. 

20. Saffert RT, Kalejta RF: Human cytomegalovirus gene expression is silenced 
by Daxx-mediated intrinsic immune defense in model latent infections 
established in vitro. J Virol 2007, 81:9109-9120. 

21 . Woodhall DL, Groves IJ, Reeves MB, Wilkinson G, Sinclair JH: Human 
Daxx-mediated repression of human cytomegalovirus gene expression 



correlates with a repressive chromatin structure around the major 
immediate early promoter. J Biol Chem 2006, 281:37652-37660. 

22. Saffert RT, Kalejta RF: Inactivating a cellular intrinsic immune defense 
mediated by Daxx is the mechanism through which the human 
cytomegalovirus pp 71 protein stimulates viral immediate-early gene 
expression. J Virol 2006, 80:3863-3871. 

23. Hofmann H, Sindre H, Stamminger T: Functional interaction between the 
pp 71 protein of human cytomegalovirus and the PML-interacting 
protein human Daxx. J Virol 2002, 76:5769-5783. 

24. Maul GG, Guldner HH, Spivack JG: Modification of discrete nuclear 
domains induced by herpes simplex virus type 1 immediate early gene 
1 product (ICP0). J Gen Virol 1993, 74(Pt 1 2):2679-2690. 

25. Everett RD, Maul GG: HSV-1 IE protein Vmw1 10 causes redistribution of 
PML. EMBO J 1 994, 13:5062-5069. 

26. Korioth F, Maul GG, Plachter B, Stamminger T, Frey J: The nuclear domain 
10 (ND10) is disrupted by the human cytomegalovirus gene product IE1. 
Exp Cell Res 1996, 229:155-158. 

27. Mocarski ES, Kemble GW, Lyle JM, Greaves RF: A deletion mutant in the 
human cytomegalovirus gene encoding IE1 (491 aa) is replication 
defective due to a failure in autoregulation. Proc Natl Acad Sci USA 1996, 
93:11321-11326. 

28. Stow ND, Stow EC: Isolation and characterization of a herpes simplex 
virus type 1 mutant containing a deletion within the gene encoding 
the immediate early polypeptide Vmw1 10. J Gen Virol 1986, 

67(Pt 12):2571-2585. 

29. Maul GG: Nuclear domain 10, the site of DNA virus transcription and 
replication. Bioessays 1998, 20:660-667. 

30. Tang Q, Bell P, Tegtmeyer P, Maul GG: Replication but not transcription of 
simian virus 40 DNA is dependent on nuclear domain 10. J Virol 2000, 
74:9694-9700. 

31. Everett RD, Murray J: ND10 components relocate to sites associated with 
herpes simplex virus type 1 nucleoprotein complexes during virus 
infection. J Virol 2005, 79:5078-5089. 

32. Cuchet-Lourenco D, Boutell C, Lukashchuk V, Grant K, Sykes A, Murray J, 
Orr A, Everett RD: SUMO pathway dependent recruitment of cellular 
repressors to herpes simplex virus type 1 genomes. PLoS Pathog 201 1, 
7:e1002123. 

33. Robinett CC, Straight A, Li G, Willhelm C, Sudlow G, Murray A, Belmont AS: 
In vivo localization of DNA sequences and visualization of large-scale 
chromatin organization using lac operator/repressor recognition. J Cell 
6/0/1996, 135:1685-1700. 

34. Belmont AS, Li G, Sudlow G, Robinett C: Visualization of large-scale 
chromatin structure and dynamics using the lac operator/lac repressor 
reporter system. Methods Cell Biol 1 999, 58:203-222. 

35. Belmont AS, Straight AF: In vivo visualization of chromosomes using lac 
operator-repressor binding. Trends Cell Biol 1998, 8:121-124. 

36. Muratani M, Gerlich D, Janicki SM, Gebhard M, Eils R, Spector DL: Metabolic- 
energy-dependent movement of PML bodies within the mammalian cell 
nucleus. Nat Cell Biol 2002, 4:1 06-1 1 0. 

37. Tsukamoto T, Hashiguchi N, Janicki SM, Tumbar T, Belmont AS, Spector DL: 
Visualization of gene activity in living cells. Nat Cell Biol 2000, 2:871-878. 

38. Smith KP, Carter KC, Johnson CV, Lawrence JB: U2 and U1 snRNA gene loci 
associate with coiled bodies. J Cell Biochem 1995, 59:473-485. 

39. Kurz A, Lampel S, Nickolenko JE, Bradl J, Benner A, Zirbel RM, Cremer T, 
Lichter P: Active and inactive genes localize preferentially in the 
periphery of chromosome territories. J Cell Biol 1996, 135:1 195-1205. 

40. Plehn-Dujowich D, Bell P, Ishov AM, Baumann C, Maul GG: Non-apoptotic 
chromosome condensation induced by stress: delineation of 
interchromosomal spaces. Chromosoma 2000, 109:266-279. 

41. Xing Y, Johnson CV, Moen PT Jr, McNeil JA, Lawrence J: Nonrandom gene 
organization: structural arrangements of specific pre-mRNA transcription 
and splicing with SC-35 domains. J Cell Biol 1995, 131:1635-1647. 

42. Lorenz P, Baker BF, Bennett CF, Spector DL: Phosphorothioate antisense 
oligonucleotides induce the formation of nuclear bodies. Mol Biol Cell 
1998, 9:1007-1023. 

43. Fanti L, Dorer DR, Berloco M, Henikoff S, Pimpinelli S: Heterochromatin 
protein 1 binds transgene arrays. Chromosoma 1998, 107:286-292. 

44. Ishov AM, Sotnikov AG, Negorev D, Vladimirova OV, Neff N, Kamitani T, 
Yeh ET, Strauss JF 3rd, Maul GG: PML is critical for ND10 formation and 
recruits the PML-interacting protein daxx to this nuclear structure when 
modified by SUMO-1. J Cell Biol 1999, 147:221-234. 



Rivera-Molina et al. Virology Journal 2012, 9:222 
http://www.virologyj.eom/content/9/1/222 



Page 14 of 14 



45. Kiriakidou M, Driscoll DA, Lopez-Guisa JM, 3rd Strauss JF: Cloning and 
expression of primate Daxx cDNAs and mapping of the human gene 
to chromosome 6p21.3 in the MHC region. DNA Cell Biol 1997, 
16:1289-1298. 

46. Ishov AM, Vladimirova OV, Maul GG: Heterochromatin and ND10 are 
cell-cycle regulated and phosphorylation-dependent alternate nuclear 
sites of the transcription repressor Daxx and SWI/SNF protein ATRX. 

J Cell Sci 2004, 117:3807-3820. 

47. Ahn JH, Jang WJ, Hayward GS: The human cytomegalovirus IE2 and 
UL112-113 proteins accumulate in viral DNA replication compartments 
that initiate from the periphery of promyelocytic leukemia protein- 
associated nuclear bodies (PODs or ND10). J Virol 1999, 73:10458-10471. 

48. Ishov AM, Stenberg RM, Maul GG: Human cytomegalovirus immediate 
early interaction with host nuclear structures: definition of an immediate 
transcript environment. J Cell Biol 1997, 138:5-16. 

49. Maul GG: Initiation of cytomegalovirus infection at ND10. Cuff Top 
Micmbiol Immunol 2008, 325:1 1 7-1 32. 

50. Everett RD, Chelbi-Alix MK: PML and PML nuclear bodies: implications in 
antiviral defence. Biochimie 2007, 89:819-830. 

51. Lehembre F, Muller S, Pandolfi PP, Dejean A: Regulation of Pax3 
transcriptional activity by SUMO-1 -modified PML. Oncogene 2001, 20:1-9. 

52. Li H, Leo C, Zhu J, Wu X, O'Neil J, Park EJ, Chen JD: Sequestration and 
inhibition of Daxx-mediated transcriptional repression by PML. Mol Cell 
Biol 2000, 20:1784-1796. 

53. Mu ZM, Chin KV, Liu JH, Lozano G, Chang KS: PML, a growth suppressor 
disrupted in acute promyelocytic leukemia. Mol Cell Biol 1994, 
14:6858-6867. 

54. Seeler JS, Marchio A, Sitterlin D, Transy C, Dejean A: Interaction of 
SP100 with HP1 proteins: a link between the promyelocytic 
leukemia-associated nuclear bodies and the chromatin compartment. 
Pfoc Natl Acad Sci USA] 998, 95:731 6-7321 . 

55. Vallian S, Chin KV, Chang KS: The promyelocytic leukemia protein 
interacts with Sp1 and inhibits its transactivation of the epidermal 
growth factor receptor promoter. Mol Cell Biol 1998, 18:7147-7156. 

56. Wasylyk C, Schlumberger SE, Criqui-Filipe P, Wasylyk B: Sp100 interacts with 
ETS-1 and stimulates its transcriptional activity. Mol Cell Biol 2002, 
22:2687-2702. 

57. Burkham J, Coen DM, Weller SK: ND10 protein PML is recruited to herpes 
simplex virus type 1 prereplicative sites and replication compartments in 
the presence of viral DNA polymerase. J Virol 1998, 72:10100-10107. 

58. Lukonis CJ, Weller SK: Formation of herpes simplex virus type 1 
replication compartments by transfection: requirements and localization 
to nuclear domain 10. J Virol 1997, 71:2390-2399. 

59. Boisvert FM, Hendzel MJ, Bazett-Jones DP: Promyelocytic leukemia (PML) 
nuclear bodies are protein structures that do not accumulate RNA. J Cell 
Biol 2000, 148:283-292. 

60. Shiels C, Islam SA, Vatcheva R, Sasieni P, Sternberg MJ, Freemont PS, Sheer 
D: PML bodies associate specifically with the MHC gene cluster in 
interphase nuclei. J Cell Sci 2001, 1 14:3705-3716. 

61. Sotnikov AG, Negorev D, Ishov AM, Maul GG: [Monoclonal antibodies 
against protein Daxx and its localization in nuclear domains 10]. 
Tsitologiia 2001, 43:1 123-1 129. 

62. Maul GG, Yu E, Ishov AM, Epstein AL: Nuclear domain 10 (ND10) 
associated proteins are also present in nuclear bodies and redistribute 
to hundreds of nuclear sites after stress. J Cell Biochem 1995, 59:498-513. 

63. Kretz-Remy C, Tanguay RM: SUMO/sentrin: protein modifiers regulating 
important cellular functions. Biochem Cell Biol 1999, 77:299-309. 

64. Schultz DC, Ayyanathan K, Negorev D, Maul GG, Rauscher FJ 3rd: SETDB1: a 
novel KAP-1 -associated histone H3, lysine 9-specific methyltransferase 
that contributes to HP1 -mediated silencing of euchromatic genes by 
KRAB zinc-finger proteins. Genes Dev 2002, 16:919-932. 

65. Ascoli CA, Maul GG: Identification of a novel nuclear domain. J Cell Biol 
1991, 112:785-795. 

66. Jegou T, Chung I, Heuvelman G, Wachsmuth M, Gorisch SM, Greulich-Bode KM, 
Boukamp P, Lichter P, Rippe K: Dynamics of telomeres and promyelocytic 
leukemia nuclear bodies in a telomerase-negative human cell line. Mol Biol 
Cell 2009, 20:2070-2082. 

67. Logvinoff C, Epstein AL: Genetic engineering of herpes simplex virus and 
vector genomes carrying loxP sites in cells expressing Cre recombinase. 
Virology 2000, 267:102-110. 



69. 



70. 



72. 



Logvinoff C, Epstein AL: A novel approach for herpes simplex virus type 1 
amplicon vector production, using the Cre-loxP recombination system to 
remove helper virus. Hum Gene Ther 2001, 12:161-167. 
Dao LD, Duffy A, Van Tine BA, Wu SY, Chiang CM, Broker TR, Chow LT: 
Dynamic localization of the human papillomavirus type 11 origin 
binding protein E2 through mitosis while in association with the spindle 
apparatus. J Virol 2006, 80:4792-4800. 

PavelitzT, Rusche L, Matera AG, Scharf JM, Weiner AM: Concerted 
evolution of the tandem array encoding primate U2 snRNA occurs in 
situ, without changing the cytological context of the RNU2 locus. EMBO J 
1995, 14:169-177. 

Lindgren V, Luskey KL, Russell DW, Francke U: Human genes involved in 
cholesterol metabolism: chromosomal mapping of the loci for the low 
density lipoprotein receptor and 3-hydroxy-3-methylglutaryl-coenzyme 
A reductase with cDNA probes. Proc Natl Acad Sci USA] 985, 
82:8567-8571. 

Bolla MK, Miller GJ, Yellon DM, Evans A, Luc G, Cambou JP, Arveiler D, 
Cambien F, Latchman DS, Humphries SE, Day IN: Analysis of the 
association of a heat shock protein70-1 gene promoter polymorphism 
with myocardial infarction and coronary risk traits. Dis Markers 1998, 
13:227-235. 



doi:1 0.1 1 86/1 743-422X-9-222 

Cite this article as: Rivera-Molina et al:. Nuclear domain 10-associated 
proteins recognize and segregate intranuclear DNA/protein complexes 
to negate gene expression. Virology Journal 2012 9:222. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



